In tokamaks, superthermal ions injected by neutral beams can drive normal modes of the background plasma unstable. Several beam-driven instabilities are observed, I including fishbones, sawbones, toroidicity-induced Alfven eigenmodes (TAE modes), and beta-induced Alfven eigenmodes (BAE modes). These modes are of practical concern because they cause large, concentrated losses of the fast ions. I Potentially, instabilities driven by alpha particles could prevent ignition or damage the walls in a deuterium-tritium (D-T) reactor.
These beam-driven instabilities generally occur in bursts. I Heuristic predator-prey models (where the instability "preys" upon the beam-ion population by expelling fast ions) can reproduce experimentally observed fishbone cycles 2 -6 and can also account for most of the features of the TAE and BAE burst cycles. 6 These semiempirical models predict a regular, periodic cycle. Although regular cycles are often observed experimentally, many burst cycles are irregular. This paper shows that an extended predator-prey modelS is consistent with experimental observations of irregular bursting.
In the DIII-D tokamak,7 bursts of fishbone activity are sometimes observed during beam injection. s Unless TAE or BAE modes are also excited, fishbones are relatively weak in DIH-D, and small changes (::53%) in the volume-integrated 2.5 MeV neutron emission are produced. For this study, all discharges (through the 1993 campaign) with fast magnetics data (minimum 200 kHz sampling) that contain bursts of fishbone activity were examined. Three constraints on the data were imposed: (1) Toroidal field BT~I.4 T (to avoid strong TAE or BAE activity); (2) plasma current 1 p <2.0 MA (to avoid low q operation); (3) steady-state 9 plasma conditions (to avoid variations in the burst cycle caused by evolution of the background plasma). With these constraints, 35 plasmas were selected that span the plasma conditions B T = l.4-2.1 T, ~=0.7-1.6 MA, line-average density ,ze=2-8XI0
13 cm-• and beam power P B =2.5-20 MW. Figure 1 shows the signal from a Mirnov loop for one of the discharges in our dataset. Regular bursts of fish bone activity are observed. Also shown in the figure is the fast Fourier transform (FFT) during one of the bursts. The dominant peak, which occurs at -21 kHz, is an n = 1 kink mode. The n = 2 peak at -41 kHz is a harmonic of the dominant peak caused by the nonsinusoidal shape of the fish bone oscillation. Closer examination of the time evolution of the bursts shows that the mode frequency gradually decreases through a burst, and this behavior accounts for the relatively broad peaks seen in the frequency spectrum. In addition to the dominant fishbone mode, there is another small n = 1 mode at -17 kHz in this plasma. Examination of many spectra shows that the amplitude of this mode correlates weakly with the amplitude of the dominant fishbone mode. Figure 2 shows an example of an irregular burst cycle. In this plasma, there are two n = 1 modes of roughly comparable amplitude, one near 26 kHz and the other near 31 kHz. Higher frequency harmonics of these modes are also evident in the spectrum.
These two examples are representative of a general trend: regular burst cycles occur for modes with a "pure" frequency spectrum, while erratic cycles correlate with complicated frequency spectra. In order to quantify this qualitative observation, we measure the amplitude of each burst A and the period between bursts T. For a 60 ms time record, 5-10 bursts are typical. We then calculate the mean A and standard deviation M of the amplitude data for this cycle, and perform a similar computation for the period data. The TIME (ms) identification of the time of the bursts) is typically $10% for regular cycles and 50% for extremely erratic cycles. To quantify the complexity of the Fourier spectrum, we compute FFT's throughout the time record and measure the ratio of the power in the second largest peak in the spectrum P 2 to the power in the fishbone peak Pl' (Harmonics of the fishbone peak are excluded, of course.) The average value of P 2 1 P 1 is then computed. Uncertainties of 25%-60% are typical.
The results of this analysis for the 35 discharges in our database are shown in Fig. 3 . A definite correlation betw~~n the measured complexity of the burst cycle (8AOT)/ (AT) and the complexity of the Fourier spectrum P 21 P 1 is observed (correlation coefficient r 2 =0.48). All highly regular cycles [(MOT)/(AT)<O.Ol] have pure Fourier spectra (P 21 P 1 <0.03). On the other hand, for a given value of P 21 PI' considerable spread in the complexity of the burst cycle is observed.
We have examined our dataset for additional correlations, but none were found. There is no systematic dependence on the toroidal mode number of the perturbing mode, which ranges from n = 0-4 in our data. (Most of the perturbing modes appear to be tearing modes.) Edge localized modeslO (ELM's) have no discernible effect on the cycle. (This is probably because the fishbone instability is a core instability, while ELM's are an edge instability.) Correlations with B T and I p are also absent.
To explain the data, we extend the predator-prey model of Ref. 6 to include periodic perturbations.
5 Changes in the amplitUde of an unstable tearing mode might modify the damping of the beam-driven mode on the background plasma by modifying the current, pressure, or temperature profiles. Or, the tearing mode might enhance the transport of beam ions, either by interacting with the fishbone instability to modify the transport induced by the beam ions, or by introducing its own independent losses. Previous studies of the fishbone instability have shown that both the mode threshold and the induced losses are very sensitive to variations in the q profile,ll so it is plausible that periodic variations in tearing mode amplitude could produce periodic perturbations in parameters that affect the burst cycle. Previous measurements also indicate that tearing mode activity can directly modulate the number of fast ions in the plasma. 
Here, 8, E and {; represent perturbations in damping on the background plasma, mode-induced transport, and additional transport, respectively.
We have solved Eqs. (1) and (2) The results of this analysis are shown in Fig. 4 . With the inclusion of perturbations, the model equations [Eqs.
(1) and (2)] predict the same sort of behavior observed in the experiment. Large scatter is observed, but the general trend is for larger perturbations to produce more irregular cycles. All three types of perturbations produce the same qualitative behavior although, for a given value of perturbation in the normalized variables, the independent losses tend to have a stronger effect than perturbations in damping rate or modeinduced transport.
The similarity between Figs. 3 and 4 suggests that additional MHD modes disrupt the fishbone cycle through perturbations in the growth rate or loss rate. Our analysis does not indicate how the MHD modes perturb the rate; indeed, the theoretical results indicate that any type of periodic perturbation can account for the data. This may explain why no systematic dependence on the toroidal mode number of the perturbation is observed. The theoretical analysis also indicates that the frequency of the perturbation can affect the cycle. In Fig. 3 , only the amplitude of the perturbation (P 21 PI) is considered. Variations in the frequency of the perturbing mode may account for some of the scatter in Fig.3 . It is unlikely that the secondary MHD instability is another beam-driven mode. Theoretically, in a model system with two modes that prey upon the fast-ion population, the mode with the higher threshold for instability quickly decays. The analogous result is well known in biology,12 and accounts for the observation that most ecosystems have a dominant predator. Experimentally, however, two beamdriven modes do sometimes coexist. For example, concurrent periodic bursts of TAE activity and fishbone activity are not uncommon in DIII-D discharges with B T <1.4 T (cf., Fig. 6 of Ref. 6). Usually, one instability is dominant and seems to trigger the weaker mode, perhaps by modifying the gradient of the fast-ion pressure. This phenomenon is not consistent with zero-dimensional predator-prey models. Spatially dependent models are beyond the scope of our study.
In conclusion, the complexity of the burst cycle correlates with the presence of perturbing instabilities in DIU-D.
Since an extended predator-prey model predicts irregular burst cycles in the presence of perturbations, the data are consistent with the notion that particle loss is the dominant saturation mechanism for beam-driven instabilities. 
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